Previously we demonstrated the expression of the long form of the leptin receptor in rodent pancreatic ␤-cells and an inhibition of insulin secretion by leptin via activation of ATP-sensitive potassium channels. Here we examine pancreatic islets isolated from pancreata of human donors for their responses to leptin. The presence of leptin receptors on islet ␤-cells was demonstrated by double fluorescence confocal microscopy after binding of a fluorescent derivative of human leptin (Cy3-leptin). Leptin (6.25 nM) suppressed insulin secretion of normal islets by 20% at 5.6 mM glucose. Intracellular calcium responses to 16.7 mM glucose were rapidly reduced by leptin. Proinsulin messenger ribonucleic acid expression in islets was inhibited by leptin at 11.1 mM, but not at 5.6 mM glucose. Leptin also reduced proinsulin messenger ribonucleic acid levels that were increased in islets by treatment with 10 nM glucagon-like peptide-1 in the presence of either 5.6 or 11.1 mM glucose. These findings demonstrate direct suppressive effects of leptin on insulin-producing ␤-cells in human islets at the levels of both stimulus-secretion coupling and gene expression. The findings also further indicate the existence of an adipoinsular axis in humans in which insulin stimulates leptin production in adipocytes and leptin inhibits the production of insulin in ␤-cells. We suggest that dysregulation of the adipoinsular axis in obese individuals due to defective leptin reception by ␤-cells may result in chronic hyperinsulinemia and may contribute to the pathogenesis of adipogenic diabetes. (J Clin Endocrinol Metab 84: 670 -676, 1999) 
O BESITY and associated diabetes are epidemic throughout the world. The prevalence of morbid obesity is between 20 -40% in populations of developing countries and predisposes to the development of diabetes, so-called adipogenic diabetes (1, 2) . Moreover, obese individuals characteristically manifest insulin resistance and hyperinsulinemia, which predispose to glucose intolerance, diabetes, and cardiovascular disease (1) . From 50 -80% of subjects worldwide with diabetes are obese depending upon the ethnic background and the community (3) (4) (5) (6) (7) (8) . It has been estimated that for every kilogram of increase in weight, the risk for diabetes increases 4.5% (9) . Remarkably, 97 million American adults (35% of the population) are overweight or obese (10) . The marked increase in the prevalence of obesity is believed to be due in large part to a change in life-style favoring excessive caloric intake and a sedentary existence (11) .
A major advance in understanding the hormonal causation of morbid obesity is the discovery of a hormone, leptin, produced by adipose tissue that modifies feeding behavior in rodents as a potent suppressor of food intake and stimulator of energy expenditure (12, 13) . Leptin exerts its actions centrally on appetite and thermogenic control centers located in the hypothalamus. It is important to note that obesity in humans is believed to be due to a desensitization of leptin reception within the hypothalamus, resulting in hyperphagia (1, (12) (13) (14) . Obese individuals have marked elevations in their plasma levels of leptin directly proportional to their body fat mass (1) . Sustained elevated levels of plasma leptin are proposed to uncouple leptin actions on its receptors in the hypothalamus, thereby attenuating signal transduction pathways that exert the effects of the hormone on satiety and energy expenditure (12, 15) . Inactivating mutations in the genes encoding leptin and the leptin receptor in the human population are rare and cannot account for the high prevalence of hyperphagia and obesity in the population (13) .
Germane to the studies undertaken and described herein is that leptin also acts directly on receptors in pancreatic ␤-cells to suppress insulin secretion in rodents (16 -30) . Leptin suppresses insulin secretion, insulin messenger ribonucleic acid (mRNA) levels, and transcription from the rat insulin promoter (30a) in isolated islets, perfused pancreata of mice and rats, and rats studied in vivo. These findings led us to propose the existence of an adipoinsular axis in which insulin stimulates adipogenesis and leptin production, and leptin inhibits insulin secretion (21, 31) . Leptin has been shown to suppress insulin secretion by activating the ATPsensitive K ϩ channel (K ATP ) on ␤-cells and to thereby hyperpolarize the ␤-cells to resist depolarization required for insulin secretion (21, 27, 30) . Most studies reported to date are limited to rodents (rats and mice). Two earlier reports described an inhibition by leptin of insulin secretion in cultured human islets (22, 32) . The studies in rodents are informative, but beg the question of what the effects of leptin are on proinsulin gene expression in human islets. Effectors of glucose homeostasis in rodents may not always be equivalent to those operative in human islets (33, 34) .
Here we report that the application of leptin to freshly obtained human islets results in a marked suppression of both insulin secretion and the expression of proinsulin mRNA within the islets. We also find that leptin inhibits the stimulation of proinsulin mRNA levels in human islets mediated by the insulinotropic hormone glucagon-like peptide-1 (GLP-1). These findings support further the existence of an antagonism between leptin and GLP-1 signaling on ␤-cells as indicated by the reported studies in mouse and rat islets (18, 21, 29) . Based on these findings, we propose that in obese individuals leptin reception on ␤-cells is desensitized, similar to what is proposed to occur at the level of the hypothalamus. This desensitization of suppression of insulin secretion of ␤-cells contributes to the hyperinsulinemia of obesity. Hyperinsulinemia, in turn, leads to increased adipogenesis and insulin resistance, culminating in some individuals in the development of diabetes.
Materials and Methods

Human pancreatic islets
Human pancreases were procured by the National Disease Research Interchange and were obtained from multiorgan heart-beating donors. The organs were obtained after in situ perfusion of the abdominal aorta with cold University of Wisconsin solution and were kept on ice before processing. Islet isolation was performed essentially as previously described (35) at the Cell Transplant Center, Diabetes Research Institute, University of Miami School of Medicine (Miami, FL). Isolated islets were cultured for an average of 1 day at 24 C and after assessment of viability were shipped in CMRL 1066 medium at ambient temperature. The data presented are from islets obtained from six different donors on different occasions. Islets from different donors were not pooled. Several different types of experiments were performed on each shipment of islets from a single donor.
Detection of leptin binding to leptin receptor (Ob-R) on single dispersed primary human pancreatic ␤-cells
Human islets were dispersed into single cells using trypsin-ethylenediamine tetraacetate, seeded onto poly-l-lysine-coated glass microscope slides in RPMI 1640 medium supplemented with 10% FBS. Human leptin (PeproTech, Rocky Hill, NY) was coupled with iodocarbocyanine (Cy3) and purified as previously described (21) . Receptor binding, immunocytochemistry for the detection of insulin, and microscopic image acquisition and processing were performed on the dispersed pancreatic islets as previously described (21) , except that confocal microscopy was used.
Culturing of islets for measurements of insulin secretion
Islets (hand-picked) were placed 10/well (in a 12-well culture plate) with 1 mL/well 5.5 mm glucose RPMI medium containing 0.5% human serum albumin (Sigma Chemical Co., St. Louis, MO) and 1% aprotinin (Miles, Kankakee, IL). After incubation for 1 h, the medium was carefully removed and replaced with fresh medium at either 5.5 or 11.1 mm glucose, with or without recombinant human leptin (100 ng/mL or 6.25 nm; PeproTech). After a 1-h incubation, the medium was removed, centrifuged (15,000 rpm, 5 min), transferred to a fresh Eppendorf tube, and frozen at Ϫ20 C for subsequent insulin RIA.
Islet incubations for measurements of proinsulin mRNA levels by RT-PCR
Islets were incubated in 24-well plates at 200 islets/well in RPMI 1640 medium (Life Technologies, Gaithersburg, MD) supplemented with 0.1% human serum albumin (Sigma Chemical Co.) and 1% aprotinin (Miles) for the indicated intervals. Glucose concentrations in the incubation medium were adjusted to 5.6 and 11.1 mm, respectively. Recombinant human leptin (PeproTech) was added, where indicated, at a concentration of 6.25 nm (100 ng/mL). The vehicle for leptin was 10 mm Tris-buffer, pH 9.5. Recombinant GLP-1-(7-36)amide was obtained from Peninsula Laboratories, Inc. (Belmont, CA), and was used at a concentration of 10 nm. The vehicle for GLP-1 was PBS. To facilitate processing of the islets as a single series, incubations of leptin and GLP-1 were started first with the 48 h group, followed by the 24, 16, and 6 h points. In this way all incubation periods finished at the same time. All of the vehicle-treated islets serve a zero time point. All islet samples were harvested, and total RNA was extracted in a single series for RT-PCR.
Semiquantitative RT-PCR
Total RNA from islets was extracted by the single step guanidiniumisothiocyanate method with a commercial reagent (Trizol, Life Technologies). Extracted RNA was quantitated by OD 260/280 measurement and gel electrophoresis. Equal amounts of isolated RNA were subjected to RT in triplicate samples by oligo(deoxythymidine) priming with Moloney murine leukemia virus reverse transcriptase (Superscript, Life Technologies), and 2 L of each RT reaction were used as input for subsequent PCR. In each PCR reaction, endogenous ␤-actin was coamplified together with insulin complementary DNA as a control to adjust for differences in complementary DNA input. PCR amplification was performed using Taq-polymerase (TaKaRa, Takara Shuzo Co., Otsu, Japan) under the following conditions: 30 s at 94 C, 45 s at 54 C, and 45 s at 72 C (20 cycles). Primer oligonucleotides for insulin were: sense primer, 5Ј-CCAGCCGCAGCCTTTGTGA-3Ј; and antisense primer, 5Ј-GGTACAGCATTGTTCCACAATG-3Ј. Intron border-spanning oligonucleotides for ␤-actin were: sense primer, 5Ј-GATGACCCA GATCAT-GTTTG-3Ј; and antisense primer, 5Ј-GAGCAATGATCTTGATCTTC-3Ј. Cycle numbers were determined to cover the exponential range of the amplification kinetics. For each sample, a negative control reaction without template was included, and to control for residual DNA contamination in the RNA preparations, a RT reaction without reverse transcriptase (RT-minus) was amplified by PCR for each islet RNA sample. Only RT-PCR reactions with negative results in the corresponding RT-minus samples were used for quantification. PCR products were subjected to agarose-gel electrophoresis. After staining with ethidium bromide, the band intensities were quantitated on a Fluorimager 575 using ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA) by rectangle mode/local background/volume integration, and values were normalized to the intensity of the ␤-actin bands. Data are expressed as the means (Ϯsem) of three different independent RT-PCR reactions.
Effects of leptin on intracellular calcium ([Ca 2ϩ ] i )
[Ca 2ϩ ] i responses were measured in dispersed pancreatic ␤-cells seeded on concanavalin A-coated coverslips using fura-2/acetoxy-methyl ester (fura-2/AM, Molecular Probes, Inc., Eugene, OR) as previously described (21) .
Results
The identification of leptin receptors on human ␤-cells was accomplished using fluorescently labeled leptin (Cy3-leptin) as a ligand and an antiserum to insulin on dispersed cells prepared from the islets. Representative ␤-cells immunostain with a green fluorescence, and Cy3-leptin bound to the ␤-cell provides a red fluorescence (Fig. 1) . The leptin receptors, bound to the Cy3-leptin, give a punctate appearance characteristic of their aggregation in response to leptin (Fig. 1) . As several isoforms of the leptin receptor exist, notably a short form (Ob-Ra) that is C-terminally truncated and deficient in conveying leptin signaling and a long form (Ob-Rb) that does signal, we used RT-PCR to determine the relative amounts of mRNAs encoding Ob-Ra and Ob-Rb. The ratios of the RT-PCR products formed were 4:1 Ob-Ra:Ob-Rb (data not shown).
Leptin suppresses insulin secretion by cultured human islets
Incubations of human islets in the presence of leptin (6.25 nm) and normal concentrations of glucose (5.6 mm) for 1 h resulted in a 20% inhibition of insulin secretion compared to the control period of incubation in the absence of leptin (Table 1) . A similar incubation of human islets with 6.25 nm leptin in the condition of high glucose (11.1 or 25 mm) failed to significantly suppress insulin secretion. These findings of a glucose dependence on leptin suppression of insulin secretion are in complete agreement with our findings reported previously on the glucose dependence of leptin suppression of insulin secretion on isolated mouse islets (21) .
Leptin inhibits glucose-dependent proinsulin mRNA expression in human islets
Studies of rodent islets provide evidence that leptin may reduce steady state levels of proinsulin mRNA (22, 24, 25) . To determine whether leptin may alter levels of proinsulin gene expression in addition to inhibiting insulin secretion, aliquots of human islets were cultured for up to 48 h in medium containing normal (5.6 mm) or high (11.1 mm) concentrations of glucose with and without leptin (6.25 nm). Proinsulin and actin mRNA levels in extracts of islets obtained at 6, 16, 24, and 48 h of incubation were determined by semiquantitative RT-PCR. High glucose compared to low glucose typically stimulated proinsulin mRNA levels by 1.5-fold ( Fig. 2A) . Notably, incubation of the islets in the presence of 6.25 mm leptin resulted in a time-dependent decrease in proinsulin mRNA levels in the presence of high, but not low, glucose (Fig. 2B) . No effects of leptin were observed on the levels of the control actin mRNA.
Because the established half-life of proinsulin mRNA in rat islets is 25 h (36), we assumed that it would be similar in human islets. Thus, the first time point analyzed was 6 h to allow the incubations to stabilize. By 16 h, the levels of proinsulin mRNA in islets treated with leptin and 11.1 mm glucose reached 50% of the 6 h value. The 6 h value in 5.6 mm glucose was arbitrarily set at 1.0 mRNA densitometric units. By 24 h, the level of proinsulin mRNA fell to 25% of the initial value. These findings indicate that in the presence of leptin and 11.1 mm glucose, and assuming a cessation of gene transcription, the half-life of the human proinsulin mRNA is approximately 16 h. It is also possible that leptin alters the stability of the proinsulin mRNA independent of gene transcription. Thus, the glucose-dependent inhibition of proinsulin gene expression by leptin, as determined by mRNA levels, and the glucose-dependent inhibition of insulin secretion display different sensitivities with respect to absolute glucose concentrations in human islets. 
Leptin inhibits GLP-1-stimulated proinsulin mRNA levels in the presence of both low (5.6 mM) and high (11.1 mM) glucose concentrations
GLP-1 acts through cAMP-coupled receptors on ␤-cells to markedly stimulate glucose-dependent insulin secretion at both normal physiological and supraphysiological concentrations of glucose. GLP-1 also stimulates transcription of the rat insulin gene by 1.5-to 2-fold (37) and increases proinsulin mRNA levels by 2-to 3-fold in cultured insulinoma cells (38) . Because leptin acts on a cytokine receptor and cytokine signaling is known to be antagonistic to cAMP signaling, and vice versa (39, 40) , we sought to determine whether leptin might inhibit the increase in proinsulin mRNA stimulated by GLP-1 in human islets. The islets were incubated in the presence of GLP-1 (10 nm) in conditions of normal (5.6 mm) or high (11.1 mm) glucose with or without leptin (6.25 nm) for 16 h. The incubation period of 16 h was chosen because it is the time when proinsulin levels in response to leptin have fallen to the half-maximal value (Fig. 2) .
GLP-1 stimulated proinsulin mRNA levels by 1.5-fold (5.6 mm glucose) to 2-fold (11.1 mm glucose) during the 16-h control incubation, findings similar to what was reported for rat islets treated with GLP-1 (Fig. 3) . Remarkable, however, is the finding that leptin (6.25 mm) inhibits the GLP-1-stimulated expression of proinsulin mRNA in conditions of both 5.6 and 11.1 mm glucose (Fig. 3) . At 16 h, a time at which leptin suppresses proinsulin mRNA accumulation by 50% (Fig. 2) , the GLP-1-stimulated proinsulin mRNA levels are inhibited by 80% (Fig. 3) .
Leptin application to single human ␤-cells inhibits Ca 2ϩ influx consistent with activation of K ATP
It has been shown previously that leptin activates K ATP channels in ␤-cells of normal and ob/ob mouse islets (21) and Thus, an index of K ATP channel activity is the change in the levels of intracellular Ca 2ϩ . Therefore, the effect of the application of leptin (6.25 mm) to single human ␤-cells was examined using the fura-2 dual wavelength calcium-imaging system. The ␤-cells were first preincubated in 16.7 mm glucose and then transfered to 5.6 mm glucose to demonstrate the glucose responsiveness of the cells. Then a depolarizing stimulus consisting of 16.7 mm glucose was reapplied to the cells in the presence of leptin (6.25 mm; Fig. 4 ). As can be seen, the addition of leptin markedly decreases [Ca 2ϩ ] i compared to the addition of 16.7 mm glucose alone (Fig. 4) . Thus, human pancreatic ␤-cells respond to leptin in a manner indistinguishable from ␤-cells of mouse or insulinoma cell origins (21, 30) .
Discussion
These studies in human islets further add to a mounting body of evidence showing that leptin suppresses insulin secretion by pancreatic ␤-cells (16 -30, 32) and does so by activating the ATP-sensitive K ϩ channel on ␤-cells (21, 27, 30) . Further, these studies augment the available evidence that leptin inhibits not only insulin secretion, but also the expression of the proinsulin gene. It is worth noting that two published studies claim no effects of leptin on ␤-cells (42, 43) , and two studies purport that leptin stimulates insulin secretion (44, 45) . The explanation for these disparate experimental findings remains unknown. Notwithstanding these differences in experimental findings, the available evidence predominantly indicates that leptin exerts inhibitory influences on ␤-cells.
These results of our studies of leptin on the glucose dependence of proinsulin mRNA levels in the islets were unexpected because they are disparate with the effects of leptin on glucose-dependent insulin secretion in which suppression of insulin secretion by leptin is most pronounced in 5.6 mm glucose compared to 11.1 mm glucose. There are, however, at least two explanations for the differences in glucose   FIG. 3 . Leptin suppresses GLP-1-stimulated proinsulin mRNA levels in human islets in the presence of both normal (5.6 mM) and high (11.1 mM) glucose. Human islets were incubated for 16 h in the presence of normal (5.6 mM) or high (11.1 mM) glucose with and without 6.25 nM leptin and 10 nM GLP-1. The amounts of proinsulin and actin mRNAs were evaluated as described in Fig. 2 ] i in 16.6 mM glucose was established visually and recorded for 5 min before lowering glucose to 5.6 mM and subsequent application of leptin. The bathing solution was then exchanged for 5.6 mM glucose SES, and this led to the inhibition of spiking activity, consistent with hyperpolarization of the ␤-cell membrane as the glucose concentration was reduced. Reintroduction of 16.7 mM glucose-SES plus 6.25 nM human leptin then led to an initial restoration of spiking activity that was immediately inhibited in the presence of leptin at this high glucose concentration. The upper and lower panels show two representative ␤-cell responses to leptin of eight cells so studied.
dependence of leptin on suppression of insulin secretion and of proinsulin mRNA levels. The effects of leptin on insulin secretion are acute (1 h), whereas the effects of leptin on proinsulin mRNA levels take much longer. No decrease in mRNA levels was observed until 16 h after the addition of leptin (6 h was taken as the first time point to conserve islets, because in preliminary studies we found no difference in mRNA levels at 0 and 6 h). The effects of leptin on insulin secretion and proinsulin mRNA levels may involve different cellular pathways with differential sensitivity to glucose, e.g. K ATP (21, 30) and the Janus kinase/STAT (signal transducer and activator of transcription) signaling pathway (46) , respectively.
Our studies indicate that leptin appears to antagonize preferentially proinsulin mRNA levels that are induced by GLP-1. These findings of a leptin-mediated inhibition of proinsulin mRNA levels stimulated by GLP-1 in conditions of both normal (5.6 mm) and high (11.1 mm) glucose are at odds with earlier published studies in mouse islets showing that GLP-1 prevents inhibition of insulin secretion by leptin. Thus, we propose that the relative effects of leptin on GLP-1-dependent insulin secretion and levels of proinsulin mRNA are not concordant.
The findings of our studies strongly indicate that the mechanism of action of leptin on ␤-cells of rodents and humans are similar. Our studies further support a model of ␤-cell function in which the actions of leptin and GLP-1 are antagonistic at the level of modulation of regulation of the activity of K ATP . It is well known that GLP-1 and glucose act synergistically to inactivate K ATP (47) . The data reported herein in human ␤-cells in conjunction with the previously reported findings in rodent ␤-cells strongly suggest that leptin activates K ATP , antagonizes GLP-1 actions to inactivate K ATP , and results in a situation in which leptin suppresses insulin secretion.
Leptin is produced predominantly by adipose tissue, and insulin is well known to stimulate adipogenesis in adipose tissue (48, 49) . Our earlier findings of the suppression of insulin secretion by leptin in mouse islets led us to propose the existence of an adipoinsular axis in which insulin stimulates adipogenesis and leptin production, and leptin inhibits insulin secretion (21, 31) . The adipoinsular axis is proposed to act in concert with the well established enteroinsular axis in which GLP-1 and other intestinal incretin hormones stimulate insulin secretion (50) . The findings of the studies described herein further support the idea of the existence of an adipoinsular axis in humans as well as in rodents.
What are the implications of the findings that leptin suppresses insulin secretion and the expression of the insulin gene in human islets? Leptin, the obesity/satiety hormone produced by adipose tissue, is an important controller of food intake and energy expenditure by its actions on receptors located in regions of the hypothalamus that regulate feeding behavior. Normally, leptin suppresses feeding and increases energy expenditure. In obese individuals, however, who have elevated plasma levels of leptin, the hormone fails to produce satiety or curtail feeding. It is generally believed that this failure of leptin reception by the hypothalamus in obese individuals is due to a desensitization of the receptor system in response to the high plasma levels of leptin.
By analogy to leptin actions on the hypothalamus, we propose that in conditions of obesity and prolonged elevated plasma leptin levels, the receptor system in pancreatic ␤-cells becomes desensitized. Such a loss of leptin reception by ␤-cells results in a dysregulation of the adipoinsular axis and a corresponding failure to suppress insulin secretion, resulting in chronic hyperinsulinemia, a common accompaniment of obesity. Chronic hyperinsulinemia and failure of leptin reception set up a positive feedback loop leading to increased adipogenesis and further increases in plasma leptin. Thus, it seems reasonable to suggest that desensitization of leptin reception at the levels of the hypothalamus and the pancreatic ␤-cells, and resulting hyperphagia and hyperinsulinemia, respectively, may be important factors in the pathogenesis of adipogenic diabetes mellitus.
